The hippocampus is a highly plastic brain region particularly susceptible to the effects of environmental stress; it also shows dynamic changes in epigenetic marks in response to stress and learning. We have previously shown that, in the rat, acute (30 min) restraint stress induces a substantial, regionally specific, increase in hippocampal levels of the repressive histone H3 lysine 9 trimethylation (H3K9me3). Because of the large magnitude of this effect and the fact that stress can induce the expression of endogenous retroviruses and transposable elements in many systems, we hypothesized that the H3K9me3 response was targeted to these elements as a means of containing potential genomic instability. We used ChIP coupled with next generation sequencing (ChIP-Seq) to determine the genomic localization of the H3K9me3 response. Although there was a general increase in this response across the genome, our results validated this hypothesis by demonstrating that stress increases H3K9me3 enrichment at transposable element loci and, using RT-PCR, we demonstrate that this effect represses expression of intracisternal-A particle endogenous retrovirus elements and B2 short interspersed elements, but it does not appear to have a repressive effect on long interspersed element RNA. In addition, we present data showing that the histone H3K9-specific methyltransferases Suv39h2 is up-regulated by acute stress in the hippocampus, and that this may explain the hippocampal specificity we observe. These results are a unique demonstration of the regulatory effect of environmental stress, via an epigenetic mark, on the vast genomic terra incognita represented by transposable elements.
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heterochromatin | ncRNA | posttraumatic stress disorder | transposon E pigenetic activity in the brain has become a significant focus of neuroscience research (1) (2) (3) (4) , and a number of epigenetic marks have been identified in association with models of neuropsychiatric disease (5) . Environmental stress, particularly via its effects on limbic structures, such as the hippocampus, is among the most important contributors to susceptibility to depression and posttraumatic stress disorder (PTSD) (6) (7) (8) . Notably, the hippocampus is both structurally and functionally responsive to stress. Indeed, the hippocampus was one of the first brain regions to show an epigenetic response to an exogenous stimulus (9) . Evidence has begun to accumulate that the hippocampus responds to stress at the epigenetic and even genomic levels (with regard to transposon activity) (10, 11) . Our own recent work has demonstrated a pronounced hippocampusspecific increase in histone H3 lysine 9 trimethylation (H3K9me3) after acute stress, on a time scale similar to those observed for the adjacent H3S10phos mark in the aforementioned article (9) . We found that a single traumatic stressor, acute restraint stress, produced a substantial elevation of H3K9me3 levels coupled with an equally substantial reduction in H3K9me1 levels in a regionally specific fashion. H3K9me3 is associated with heterochromatin formation and the large changes observed suggested a rapid (less than 2 h) and global chromatin reorganization (12) . Similar effects have been observed as a result of cocaine treatment in the nucleus accumbens, where Maze et al. showed that the H3K9 mark was associated with repetitive and transposable elements in the genome (13) . Given, this finding and the significant metabolic expense of such an event, the addition of the third methyl group being, energetically, a very expensive epigenetic modification, we hypothesized that H3K9me3 suppresses the stress-induced activation of repetitive and transposable elements. These elements comprise a much larger proportion of the mammalian genome (∼50%) than do genes themselves (less than 5%) (14) and contribute to genomic instability (15), a significant problem for postmitotic neurons that must remain phenotypically stable for years or even decades. Here we show that stress-induced increases in H3K9me3 in the hippocampus are strongly targeted to retrotransposable elements and rapidly silence their expression.
Results
Acute Stress-Induced Increase in H3K9me3 Is Hippocampus-Specific.
We used acute restraint stress to extend our examination of the tissue specificity of the stress-induced rise in H3K9me3. Rats were immobilized for 30 min in a plastic bag restrainer, with holes for ventilation, and allowed to recover for 60 min before killing and hippocampal tissue collection. Using Western blotting of H3K9me3 in hippocampus, as well as cerebellum, frontal cortex, heart, liver, and skeletal muscle, we show acute immobilization stress selectively up-regulates H3K9me3 levels in the hippocampus by 114% (±2%, n = 10, P < 0.03), but produced no significant changes elsewhere (Fig. 1) .
Acute Stress Globally and Selective Increases H3K9me3 Levels at Transposable Element Loci. To test the hypothesis that the stressinduced increase in H3K9me3 was targeted toward repetitive and transposable elements, we performed ChIP sequencing (ChIP-Seq) against the H3K9me3 mark in the hippocampi of acutely stressed and control male Sprague-Dawley rats. This process produced over 40 million raw 75-bp sequence reads for both stress and control samples (see SI Methods for more detail). Using both the RN4 version of the rat genome and a database of rat repetitive and transposable elements derived from Repbase (16), we aligned these reads to genomic features (Fig. 2) . We found that stress did increase alignment of H3K9me3 reads to transposable and repeat elements by 32%, or 4.6 million unique alignments ( Fig. 2 A, B, and F) . Intergenic regions showed a more moderate increase but alignment within gene bodies (promoters, introns, exons, and untranslated regions) was flat between stress and control groups ( Fig. 2 A, B , and E). Within genes the majority of alignments was to intronic regions ( Data deposition: The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE41217). and D) in both groups. Fig. 2G shows reads mapped to subregions of genes, including the transcription start site (TSS) and transcription termination site (TTS), showing that, within genes, H3K9me3-enriched reads are at lower levels than unimmunoprecipitated input DNA.
Analysis of significantly altered peaks in H3K9me3 after stress further demonstrated the dramatic effect of acute stress on this mark at repetitive and transposable elements in the genome. Stress caused a significant increase (stress up) in H3K9me3 alignments at 59,147 islands associated with repetitive elements, but it was associated with reductions (stress down) at only 1,438 loci (Fig. 3A) [false-discovery rate (FDR) <0.0001, P < 0.05]. When categorized by repetitive-element class, differences emerge in the enrichment of stress-up versus stress-down peaks: the autonomous long interspersed element (LINE) retrotransposons and endogenous retrovirus/long terminal repeat (LTR) classes showed 50-fold differences in the number up and down peaks, but short interspersed elements (SINEs) showed 31-fold differentials, low complexity, and simple repeats showed 37-fold differentials; DNA transposons showed 25-fold, satellite repeats showed 10-fold, and noncoding RNA loci showed 39-fold differentials, respectively (Fig. 3B) . Representative stress-up and -down regions are displayed in Fig. 3 C and D, respectively.
To further assess if the stress-induced increase in H3K9me3 showed a selective bias toward a particular group of repetitive elements, read alignments using the phylogenetic clustering and instance approaches used in ref. 17 were performed to compare the H3K9me3 enrichment at repeat and transposon loci in the stress and control samples compared with input DNA. Using an equal number of reads from input, stress, and control samples (15 M) allowed us to see if the increase in H3K9me3 was generalized or specific to particular families of repetitive or transposable elements. As can be seen in Fig. 4A , stress produces increased enrichment in the families at the top of the distribution and reduced enrichment in the classes, which already showed reduced enrichment in the control. The highly enriched classes were largely endogenous retrovirus (ERV)/LTR retrotransposons and some satellites (Fig. 4B) , whereas the low H3K9me3 regions were more likely to contain DNA transposons or simple repeats (Fig. 4C ).
Acute Stress Down-Regulates Transposable Element RNA Expression.
To determine if any of the transposable elements that showed large increases in H3K9me3 or potential heterochromatinization, as measured by H3K9me3 reads, we performed RT-PCR against specific elements within the LINE, SINE, and ERV/LTR classes: an ERV intracisternal-A particle (IAP) element (RNIAP1a) the B2_RN SINE element and L1_RN. We found that, in the hippocampus, RNAIP RNA was reduced 3.2-fold (±0.27, n = 12, P < 0.04), B2_RN RNA was reduced 4.8-fold (±0.67, n = 12, P < 0.005) (Fig. 5A) , demonstrating that the increase in H3K9me3 induced by acute stress is correlated with silencing of transposable elements in the hippocampal genome. L1 RNA showed no significant change as a consequence of stress in the hippocampus, given previous findings showing that H3K9me3 is consistently associated with ERV/LTR but not LINE elements; it is possible that there are other chromatin elements, which prevent silencing at these loci (17, 18) . No significant changes were observed in the other tissues or brain regions examined (Fig. 5 B-F) , save in the cerebellum, where both IAP (twofold, 0.13, n = 6, P < 0.02) and L1_RN RNA (2.1-fold, ±0.15, n = 6, P < 0.03) were upregulated by stress. The latter result suggests that the lack of a stress-induced H3K9me3 response is permissive for increased transposable element RNA expression.
Acute Restraint Selectively Increases Hippocampal Suv39h2 Expression.
To determine if the hippocampal specificity we observed may be in part because of selective regulation of H3K9-specific histone methyltransferases, we examined the expression of Suv29h1 and Suv39h2 after acute stress using in situ hybridization. We found that, although hippocampal expression of Suv39h1 and h2 (Fig. 6A) was low under basal conditions, acute stress upregulated the expression of the latter by 50% (±3.2%, n = 4, P < 0.025) (Fig. 6 B and C) in the dentate gyrus, 81% (±4.6%, n = 4, P < 0.002) (Fig. 6 B and D) in the CA3, and showed no significant change in expression in the CA1. No significant change was observed in Suv39h1 expression after stress in any region.
Acute Corticosterone Increases Glucocorticoid Receptor-DNA Binding in the Vicinity of the Suv39h2 Gene. ChIP-Seq analysis of hippocampal glucocorticoid receptor (GR) DNA binding in the hippocampus of rats treated with either 300 μg/kg or 3,000 μg/kg corticosterone demonstrated increased levels of GR in the vicinity of the Suv39h2 gene. The 300-μg/kg dose increased the major peak in GR binding 84-fold (FDR 1.17%) and the larger dose increased GR binding by 268-fold (FDR 8.47%) (Fig. 6E) .
Discussion
PTSD, a disorder that shows substantial evidence of transgenerational epigenetic influences in humans (19, 20) , is often the proximal result of a single severe stressor. As such, understanding the mechanisms by which an acute stressor in an animal model contributes to functional and molecular changes in the brain is of significance to our understanding of this and other stress-related mental disorders. Here, we have demonstrated that an exogenous stressor can have a rapid and pronounced effect on the regulation of the vast and, to date, relatively unexamined "other genome" represented by transposable elements. Variations in L1 LINE activity are found in Rett syndrome patients, where they can be directly related to MECP2 dysfunction and altered DNA methylation. LINE1 activity is also induced in the hippocampus in exercised rats (11, 21) , suggesting a linkage to the machinery in control of neurogenesis and plasticity in this region. The present study extends these findings with regard to environmental stress and transposon class. Maze et al. (13) observed similar alterations in H3K9me3 at various genomic loci, including a number of repetitive elements, in the nucleus accumbens after repeated cocaine. However, the direction of the changes they reported were of mixed directionality in contrast to the pronounced bias toward stress up-regulation of H3k9me3 shown here. Surprisingly, it appears that H3K9me3 may be targeted in a selective fashion toward certain varieties of repetitive or transposable elements; as shown in Fig. 4 , H3K9me3 is more enriched at ERV/LTR class retrotransposons and less likely to be found at simple repeats or DNA transposons. This observation is in agreement with the pattern of histone methylation found at repetitive elements in stem cells (17) , although the stress-induced increase in the bias toward these elements has not been observed elsewhere to our knowledge.
Our findings raise the question of why the hippocampus shows such a selective H3K9me3 response to stress. Indeed, the absence of an H3K9me3 stress response in the cerebellum is associated with a significant increase in retrotransposon expression (Fig. 5C) ; interestingly, this brain region is the only brain region where the intact endogenous retrovirus Emv2 is expressed in the mouse (22) , suggesting this brain region may be privileged (or perhaps underprivileged) for endogenous retrovirus expression. Part of the answer to this question has to do with the regional expression of the histone H3 lysine 9 selective methyltransferases SUV39h1 and Suv39h2 (KMT1a and -1b, respectively) . Using in situ hybridization, we found that both were expressed at low levels in the hippocampus and largely undetectable elsewhere in the brain (Fig. 6 A and B) . Suv39h2 was up-regulated within 30 min of the onset of stress in the dentate gyrus and CA3 (Fig. 6 C and D) . ChIP-Seq using GR antibodies showed that GR binding in the region of the Suv39h2 gene was increased by corticosterone treatment in a dose-responsive fashion (Fig. 6E) . Less is known about the expression of these genes in the peripheral tissues we examined, but binding of GR to GR-elements is highly tissue-specific (23) , and although our data do not conclusively demonstrate that GR actively regulates Suv39h2 expression in the hippocampus, they do suggest that the changes in H3K9 methylation we have observed in the hippocampus may use a different mechanism than has been observed elsewhere in the brain (e.g., the accumbens, where G9a appears to be the dominant H3K9 methyltransferase) (24) . It should also be added that our examination of stress-responsive brain regions and tissues was not comprehensive, so it is possible that other stress-responsive regions, such as the amygdala or paraventricular hypothalamus, could show similar changes in H3K9 methylation or transposon expression as a consequence of stress.
Our results demonstrating silencing of repetitive elements via the H3K9me3 mark are congruent with previous observations in embryonic stem cells, showing that disruption of H3K9me3, via KAP-1 deletion, results in a profound increase in IAP expression (25) . Of interest is the observation that mice bearing a forebrain deletion of KAP-1 show increased anxiety and deficits in hippocampus-dependent memory (26) . Those data, taken together with our present findings showing remarkable hippocampal specificity, suggest that dysregulation of heterochromatinmediated transposon silencing may have an impact on spatial memory, anxiety, and hippocampal function.
Stress has been shown to alter the expression of a number of other epigenetic marks in addition to the H3K9me3 mark, as we have recently discussed elsewhere (4). Our previous work showed that acute stress decreased global levels of the H3K27me3 mark and had no effect on the levels of the H3K4me3 mark (12) . However, the later mark has been show to change in a gene-specific manner with social defeat stress (27) , suggesting that regulation of H3K4 methylation by stress is much more restricted to specific genomic localities in the hippocampus than H3K9me3. We also observed a decrease in global H3K9me1 levels, and others have observed a stress-induced decrease in H3K9ac, which are consistent with our observations of globally increased H3K9 trimethylation (12, 28) . Crosio et al. (9) observed an increase in the H3S10phos mark with a similar regional and temporal specificity to our own observations; whether this change is coupled to the changes in H3K9me3 we see is presently unknown, but of great interest given the role of the H3K9me3-S10phos dual mark as a molecular switch controlling HP1 association with chromatin (29) . In contrast, Reul and colleagues have observed increases in phospho acetylation of H3 at serine 10 and lysine 14 following acute stressors; however, these changes were observed in a small Quantification of the stress induced increase in Suv39h2 (*P < 0.03, n = 4) in the dentate gyrus. (D) Relative levels of Suv39h2 in basal and stressed CA3 (P < 0.002, n = 4) no significant changes in CA1 Suv39h2 expression were observed. (F) Binding of GR to hippocampal DNA in the region of the suv39h2 gene, as measured by ChIP-Seq. Rats were systemically injected with either 300 or 3,000 μg/kg of corticosterone; GR300, 300 μg/kg corticosterone; GR3000, 3,000 μg/kg corticosterone.
subpopulation of dentate gyrus neurons, distinct from the population-wide changes reported here (30) .
Finally, it is important to note, that only a few common brain disorders have been shown to result from variations in proteincoding genes and that transposable elements constitute an order of magnitude larger fraction of the genome than genes. Evidence is emerging not only of the capacity of those transposable elements for inducing genomic instability and neuro-inflamation (15, 31) , but also of the capacity of some of those elements to regulate gene transcription under normal or stressed conditions (32) . Furthermore, it is estimated that each human genome may contain at least on "private" transposition (33) and that as much as 25% of human genetic variation may be because of transposon activity (34, 35) . Intriguingly, it has recently been observed that LINE1 shows variations in DNA methylation between veterans with PTSD and combat-deployed controls (36) . In view of these considerations, we suggest that these elements may represent a novel basis for understanding susceptibility to a variety of brain disorders, particularly depression and anxiety disorders, such as PTSD or hippocampus-dependent cognitive disorders.
Methods
Animals were handled in accordance with National Institutes of Health and Rockefeller University Institutional Animal Care and Use Committee guidelines. Western blots, RT-PCR, and in situ hybridization were performed using standard methods. Detailed methods can be found in SI Methods.
